Device-to-device (D2D) communications in cellular spectrum have the potential of increasing the spectral and energy efficiency by taking advantage of the proximity and reuse gains. Although several resource allocation (RA) and power control (PC) schemes have been proposed in the literature, a comparison of the performance of such algorithms as a function of the available channel state information has not been reported. In this paper, we examine which large scale channel gain knowledge is needed by practically viable RA and PC schemes for network assisted D2D communications. To this end, we propose a novel near-optimal and lowcomplexity RA scheme that can be advantageously used in tandem with the optimal binary power control scheme and compare its performance with three heuristics-based RA schemes that are combined either with the well-known 3GPP Long-Term Evolution open-loop path loss compensating PC or with an iterative utility optimal PC scheme. When channel gain knowledge about the useful as well as interfering (cross) channels is available at the cellular base station, the near-optimal RA scheme, termed Matching, combined with the binary PC scheme is superior. Ultimately, we find that the proposed low-complexity RA + PC tandem that uses some cross-channel gain knowledge provides superior performance.
Introduction
Device-to-device (D2D) communications in cellular spectrum assisted by a cellular network can increase the spectrum and energy efficiency of mobile broadband services, facilitate low latency machine type communications, and help extend the cellular coverage. In fact, unicasting D2D communications, as opposed to a broadcasting D2D physical layer, as in the Release 12 of Long-Term Evolution (LTE) systems, are currently studied by the 3rd Generation Partnership Project (3GPP) to facilitate proximity services (ProSe) in national security and public safety situations and vehicle-to-vehicle communication services in intelligent transportation scenarios [1] [2] [3] .
As it was pointed out by several related works, D2D communications utilizing cellular spectrum pose new challenges, because, relative to cellular communication scenarios, the system needs to cope with new interference situations [4] [5] [6] [7] [8] [9] . For example, in an orthogonal frequency division multiplexing (OFDM) system in which user equipment (UE) uses D2D communications, the D2D links may reuse some of the OFDM time-frequency physical resource blocks (PRB). Due to the reuse, intracell orthogonality is not maintained, and intracell interference can become severe due to the random positions of the D2D transmitters and receivers as well as of the cellular UEs communicating with their respective serving base stations (BS) [10, 11] . To realize the potential of D2D communications and to deal with intra-and intercell interference, the research community has proposed a number of important radio resource management (RRM) algorithms.
Although the objectives of such algorithms are different (including enhancing the network capacity [12] , improving the reliability [13] , minimizing the sum transmission power [7] , ensuring quality of service [14] , or protecting the cellular layer from harmful interference caused by the D2D layer [15] ), there seems to be a consensus that the key RRM techniques include:
(1) Mode selection (MS): MS algorithms determine whether D2D candidates in the proximity of each other should communicate in direct mode using the D2D link or in cellular mode via the BS [9, [16] [17] [18] . [10, [19] [20] [21] ).
(3) Power control (PC): PC is a key technique to deal with intra-and intercell interference [14, 15, 22, 23] . References [14, 22] analyze the single (isolated) cell scenario and provide basic insights into the impact of PC and RA. The authors of [15] study a multicell system focusing on a PC scheme that helps minimize the interference from the D2D layer to the cellular users assuming that D2D users that operate in D2D mode reuse the cellular resources. The work reported in [23] evaluates the LTE PC scheme for a hybrid cellular and D2D system and concludes that PC needs to be complemented by mode selection, resource scheduling, and link adaptation to properly handle intra-and intercell interference.
Practically feasible MS, RA, and PC algorithms for D2D communications often rely on the availability of large scale channel state information, such as the large scale channel gains between transmitters and intended receivers [24, 25] as it will be discussed in detail in the next section.
This article is structured as follows. The next section describes the system model and discusses which pieces of large scale channel state information affect the performance of D2D communications. Next, Section 3 formulates the MS and RA problems. Section 4 presents three heuristics-based RA schemes that are implementable in practice and intuitively attractive and have previously been reported to provide good performance. This section also proposes an optimization-based RA scheme that utilizes cross-channel gain knowledge and is based on solving a matching problem conveniently represented by a bipartite graph. Section 5 discusses PC algorithms that differ in terms of channel gain knowledge requirement and whether they require iterations or not. Section 6 discuses numerical results and compares the signalto-interference-plus-noise ratio (SINR) and throughput performance of the above RA and PC schemes. Section 7 draws conclusions.
System Model and the Role of the Large Scale Channel State Information in D2D Communications
The system we are considering is illustrated in Figure 1 . Due to reusing the resources (PRBs) for cellular and D2D communications, the cellular and D2D layers cause interference to one another through the interference links , , , , and , , while the useful cellular and D2D link gains are denoted by and , respectively. Although in practice , and
, are difficult to acquire either at the serving BS or at the respective transmitter and intended receiver nodes, the D2D literature seldom addresses this difficulty. To obtain the cross-channel gain , , for example, D2D Rx1 needs to know the identity and the transmit power level of D2D Tx2, measure the received power level, and report the estimated , channel gain. Although this procedure is feasible using Cellular UE
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D2D TX2 D2D RX2 Figure 1 : Channel gains in a network assisted D2D communication scenario. , and , (the "cross-channel gains") are more difficult to estimate in practice, although possible by using D2D reception capabilities.
recently standardized D2D reference signals, measurements, and signaling, it clearly introduces some overhead. The 3GPP LTE standards suite, for example, introduced new physical layer channels, including the so-called physical sidelink control and discovery channel, as well as sidelink control information and demodulation reference signals that facilitate discovery, measurement, and channel estimation procedures for D2D communications. The sidelink control and discovery channels carry information that help peer devices to discover one another, estimate the D2D channel, and decode user data. The overhead introduced by these D2D-specific channels, control information, and signals depend on a number of configurable factors, such as the periodicity of peer discovery and the overall resources allocated for D2D communications in the cell [26, 27] . In this paper, we will discuss the suitability of RA and PC algorithms depending on the availability of these channel gains and investigate the performance of practically feasible resource management schemes. To this end, we model the hybrid cellular-D2D network as a set of transmitter-receiver pairs. A transmitter-receiver pair can be a cellular UE transmitting data to its serving BS or a D2D pair communicating in cellular uplink spectrum (Figure 1 ). D2D candidates are source-destination pairs in the proximity of each other that may communicate in direct mode, depending on the MS decision that is part of the RRM algorithm that is discussed in Section 3.
The network topology is represented by a directed graph of links labelled with = 1, . . . , indexing the transmitterreceiver pairs in the network. Any transmitter, that is, either a cellular or D2D transmitter, operating on link is assumed to have data to send to the intended receiver at a transmission rate . Associated with each link is a function (⋅), which describes the utility of communicating at rate . The utility function is assumed to be increasing and strictly concave, with → −∞ as → 0 + . We let c = [ ] denote the vector of link capacities, which depend on the PRB bandwidth , the achieved SINR of the links ( ), and the specific modulation and coding schemes used for the communication. A feasible rate vector s must fulfill the following set of constraints:
In this formulation, it is convenient to look at the s vector as the vector of the rate targets directly derived from a corresponding vector of SINR targets, while the capacity vector c depends on the transmit powers p selected by the transmitters. Specifically, each link can be seen as a Gaussian channel with Shannon-like capacity
that represents the maximum rate that can be achieved on link , where models the SINR-gap reflecting a specific modulation and coding scheme, while (p) represents the SINR perceived at the receiver of link . With no loss of generality, in this paper, we assume = 1 and will set the link bandwidth to = ∀ , that is, to the bandwidth of a PRB.
Let denote the effective link gain between the transmitter of pair and the receiver of pair (including the effects of path loss and shadowing) and let be the thermal noise power at the receiver of link , and let be the transmission power. That is, , ̸ = represents , , , , or , , while represents either or in Figure 1 . The SINR of link is
where p = [ 1 , . . . , ] is the power allocation vector and ∑ ̸ = is the interference experienced at the receiver of link . Equation (3) can also be written as
where tot Rx represents the total received power (including ) measured by the receiver of link . Hence, the SINR in (4) can be computed by the receiver-without direct knowledge of any of the channel gains, except the one related to its corresponding transmitter-. For the ease of notation, in the following we adopt (p) to indicate the SINR measured at receiver-.
In this paper, the MS and RA problems are formulated jointly, while the PC problem is formulated separately; that is, assuming that the MS and RA tasks have been solved and PRBs are assigned to the cellular UEs and the D2D pairs. Although this approach may be suboptimal, the joint MS, RA, and PC problem is more complex and may not be feasible in real time and thereby it is left for future studies. However, as we will see in Section 4.3, the particular combination of the matching-based RA scheme combined with the rate-maximizing binary power control scheme is throughput-optimal in a single-cell environment.
Mode Selection and Resource
Allocation Algorithms [7, 9, 25] . In general, a cellular system provides service to cellular UEs and D2D transmitters and the corresponding D2D receivers that belong to the sets N and M, respectively, such that the total number of served UEs in a cell is = + . We denote with , ( ) that a transmitter-receiver pair is assigned to PRB-in communication mode , where ( = 0) denotes cellular mode and ( = 1) the D2D direct mode. By definition, any cellular UE ∈ N transmits in cellular mode ( = 0), while a D2D candidate can operate using the direct link ( = 1), or in cellular mode ( = 0), or adaptively switch between the direct and cellular links according to a specific MS algorithm. Using this terminology, the following resource constraints apply:
(ii) Cellular mode:
where the last inequality indicates that the D2D candidate pair can be in either D2D or cellular mode when using PRB-.
Formulating the Mode Selection and Resource Allocation Problems.
The MS and RA tasks are formulated as an optimization problem that maximizes the overall spectral efficiency for a power allocation vector that is assumed to be known. As we shall see, decoupling the RA problem from the PC problem allows for combining different RA and PC approaches depending on the availability of the required channel gains. The spectral efficiency for transmitter-receiver pair on a given PRB-is defined as , = log 2 (1 + , , /( + , )). Hence, it depends on the path gain , , between transmitter-and receiver-on PRB-and the intracell interference , = ∑ ̸ = ⋅ , , , due to the possible PRB sharing between D2D pairs and cellular UEs. Thus, the joint MS and RA problem becomes (Problem-I)
The constraints (C1) indicate that each PRB can be allocated to at most one user in cellular mode due to the orthogonality constraint. Constraints (C2) ensure that to each user only one of the two possible modes is assigned. By definition, cellular UEs must not be assigned to mode ( = 1) (C3).
Heuristic Algorithms to Solve the Resource Allocation Problem

The MinInterf Algorithm.
To solve Problem (8) and to obtain benchmarking results, we first describe a centralized procedure based on the full knowledge of the channel gain measurements between all transmitters and receivers within the cell, first proposed by [25] . This scheme, that we call MinInterf, exploits the proximity between D2D candidates for MS and performs RA that aims at reducing the intracell interference by minimizing the sum of the harmful path gains as will be shown in (9) and in Algorithm 1. MinInterf is intuitively attractive because assuming that the transmit powers are set, it tries to minimize the interference due to the cross-links and serves as a good benchmarking algorithm for more practical schemes. MinInterf involves two steps. Firstly, orthogonal resources are allocated to cellular UEs employing legacy cellular scheduling and RA schemes [28] . Next, for each D2D candidate in the cell, MinInterf considers two possible cases in the following order:
(i) D2D transmission with dedicated resource: if there are orthogonal resources left, they can be assigned to the D2D candidate so that the D2D transmission does not affect others within the same cell. In this case, the D2D transmitter selects the best communication mode (i.e., cellular mode or D2D mode) on the basis of the path gains towards both the D2D receiver ( d2dMode ) and the BS ( CellularMode ). Specifically, if
CellularMode ≤ d2dMode , then the direct mode is preferred (see Figure 2 ).
(ii) D2D transmission with resource reuse (as in Figure 3 ):
when there are no unused RBs in the cell, the D2D pair must communicate in direct mode (D2D mode) and reuse RBs. Sharing resources with other users within the same cell produce intracell interference. To reduce this intracell interference, for each resource-, MinInterf considers the sum
as a measure of the potential interference that assigning the D2D-pair to resource-causes. Here 2Tx 1Rx, represents the path gain between the D2D transmitter and the receiver of link(s) already allocated to resource-, which may be the cellular BS and/or other D2D receiver(s). 2Tx 1Rx, takes into account the interference that the D2D pair produces transmitting on PRB-. 1Tx 2Rx, , on the other hand, is the path gain between the transmitter(s) already allocated to PRB-(which can be both a cellular UE and/or other D2D transmitters) and the receiver of the new D2D pair to be allocated. 1Tx 2Rx, is therefore related to the interference that the D2D receiver will experience due to the reuse. Once expression (9) is computed for each available resource-, the D2D pair is assigned to that resource corresponding to the minimum value (see Figure 3 ). The D2D Tx node communicates directly with the D2D Rx node sharing a PRB with the cellular user UE. The shared PRB is selected in a way that minimizes an estimate of the intracell interference that D2D communication might perceive (related to the gain 1Tx 2Rx between the UE and the D2D Rx node) and produce (related to the gain 2Tx 1Rx between the D2D Tx node and the BS); see (9) .
Practical MS and RA Algorithms with Limited or No
can serve as a tool to benchmark RA algorithms, it cannot be employed in practice because it relies on a full matrix knowledge in the "resource reuse" branch of Algorithm 1. Therefore, we seek viable alternatives to MinInterf. Our first proposed algorithm operates without any path loss knowledge but keeps track of the reuse factors of each PRB as described by the pseudo code of the "Balanced Random Allocation" (BRA), Algorithm 2. is a counter associated with resource-that counts the number of intracell transmitters using that resource.
Our second proposed practical algorithm is called "Cellular Protection Allocation" (CPA). CPA takes advantage of the knowledge of the path gains between any cellular transmitter (i.e., cellular UE or D2D candidate operating in cellular mode) and the BS that is available in practice due to measurement reports by the UE. As indicated in the pseudo code of Algorithm 2, a D2D transmitter that reuses a cellular PRB is assigned to the particular PRB used by a cellular UE that has the strongest cellular link. The rationale for this heuristic is that a cellular UE with a strong cellular connection with its serving BS can be expected to tolerate intracell interference caused by D2D resource reuse.
Resource Allocation as a Matching Problem.
In network assisted D2D communications, a D2D pair and a cellular UE that use the same PRB form a resource reuse pair. The transmitters of the resource reuse pair cause interference at their nonintended receivers and thereby they limit the achievable rate by one another. For example, if the D2D transmitter causes interference at the BS, this interference limits the achievable rate for the UE that uses the same (uplink) resource as the D2D pair. The matching problem is the problem of forming the resource reuse pairs (that is one pair for each PRB) and assigning an appropriate PRB to Figure 4 : Matching: selecting cellular UEs and D2D pairs that share the same physical resource block. A cellular UE and a D2D pair that use the same PRB are called the resource reuse pair. Each resource reuse pair is associated with the maximum sum rate that they can achieve, and thus the system is represented by the bipartite graph shown by the figure. each pair, as illustrated by Figure 4 . Specifically, for stating the matching problem, we will need the following indicator variable:
The matching problem can then be formulated as
subject to
where ( , ) is the throughput of cellular link , when it uses the same PRB (matched with) D2D pair and transmits with power . Similarly, ( , ) is the throughput of D2D link when it uses the same PRB (matched with) cellular link and transmits with power .
Throughput Maximization by Solving the Matching Problem.
Solving the matching problem of (11) requires the generation of the weight matrix W ∈ R × whose ( , ) entry contains the achievable sum throughput of the resource reuse pair of cellular UE and D2D link , where = 1 ⋅ ⋅ ⋅ , and = 1 ⋅ ⋅ ⋅ . The achievable sum throughput on a shared PRB obviously depends on the PC algorithm employed by the resource reuse pair, but for a given PC scheme solving the matching problem maximizes the sum throughput, as discussed below. In particular, if the PC scheme maximizes the throughput on a PRB by appropriately setting and , 
where = max( , )
, and , are needed for generating the weight matrix then solving the matching problem provides a throughputoptimal solution to the joint RA and PC problem. This observation is important, since from [29, 30] we know that the binary power control scheme is throughput optimal as long as there are two transmit-receive pairs on the same PRB and close-to-optimal if there are more than two transmitreceive pairs on the same PRB. To generate the weight matrix W, the BS needs to know the cross-channel gains , , since the sum throughput depends on the SINR levels at the respective receivers as indicated in the Weight Matrix Generation (Algorithm 3).
Once the weight matrix associated with the bipartite graph is available, the matching problem can be solved by the Hungarian algorithm.
Summary: Channel Gain Knowledge
Needed by RA Algorithms. In this section, we discussed three heuristicsbased and a novel near-optimal (sum rate maximizing) RA schemes. From the perspective of channel gain knowledge, these algorithms are summarized in Table 1 .
Compared with BRA and CPA, the Matching RA scheme requires somewhat more cross-channel gain knowledge ( , ); Acquiring of , would be possible in practice since D2D-capable UEs can readily perform measurements on uplink signals. "In return," Matching achieves near-optimal sum rate performance and, as we shall see, in this respect it is a natural RA counterpart of the binary power control scheme.
Power Control Algorithms
Power Control Options Based on LTE Mechanisms.
It is natural to base a PC strategy for D2D communications underlying an LTE network on the LTE standard uplink PC mechanisms that require the useful channel gain only (that is, it does not require the cross-channel gains) [28] . Also, building on standardized and widely deployed schemes facilitates a smooth introduction of D2D-capable user equipment (UE) and helps to develop interoperable solutions between different devices and network equipment. However, due to intracell interference and new intercell interference scenarios, the question naturally arises whether the available LTE PC is suitable for D2D communications integrated in an LTE network. Also, the ad hoc networking community has proposed efficient distributed schemes suitable for D2D communications, including situations with or without the availability of a cellular infrastructure (see, e.g., [22, 23, 31] ). Such schemes can also serve as a basis for D2D PC design [24, 32] .
The LTE PC scheme can be seen as a "toolkit" from which different PC strategies can be selected depending on BS maintains variables and MIN as explained below BS maintains (from e.g. D2D discovery algorithms) the D2D candidates for mode selection and the value of large scale fading (path gain) d2dMode between each D2D candidate, which can be updated on the slow time scale (e.g. 500 ms).
= 0 for all resource blocks PRB-( = 1 ⋅ ⋅ ⋅ ) if there are cellular UEs in the cell then Allocate orthogonal resources (PRB) to cellular-UEs (using legacy algorithms) Set = 1 for PRB:s assigned to UEs / * For CPA: Store ( ), where ( ) is the path gain between cellular UE using PRB-and the serving BS * / end if for each D2D candidate do
where is the total number of resource blocks if MIN the deployment scenario and operator preference [33] . It employs a combination of open-loop (OL) and closed-loop (CL) control to set the UE transmit power (up to a maximum level of MAX = 24 dBm) as follows: where is the path gain between the UE and the BS. The OL operating point allows for path loss (PL) compensation and the dynamic offset can further adjust the transmit power taking into account the current modulation and coding scheme and explicit transmit power control (TPC) commands from the network. The bandwidth factor takes into account the number of scheduled RBs ( ). For the OL operating point, 0 is a base power level used to control the SNR target and it is calculated as [34] 
where is the PL compensation factor and IN is the estimated noise and interference power. in cellular mode with their respective serving base stations, OFPC provides a well-proven alternative, typically used in practice. It avoids the complexity and overhead associated with the dynamic offset of the CL scheme but makes use of the fractional path loss compensation balancing between overall spectrum efficiency and cell edge performance [33] . When the cellular spectrum hosts D2D communications, the distributed utility maximizing PC and the BPC schemes are also viable options. Figure 5 also illustrates the PC options for the D2D link.
Utility Maximization Power Control.
In this section, we assume that MS has already been performed for the D2D candidates and a RA algorithm has already assigned certain PRBs for communication to cellular and D2D links. From the concept of D2D communications reusing cellular spectrum, it is clear that a given PRB may be used by a cellular and multiple D2D transmitters even within the same cell, which causes intracell interference. Utility maximization PC has been introduced in [35] and successively extended to the field of radio resource management in multihop wireless networks in [36, 37] and specifically to cellular networks supporting D2D communications in [25, 32] . This PC scheme is attractive, because it achieves utility optimal performance but requires a typically prohibitive amount of iterations in practice [24] . However, previous works did not combine this scheme with different RA schemes and did not compare its performance with the much simpler binary power control scheme discussed in the next subsection.
For the set of interfering links sharing the same PRB and thereby causing interference to one another, the utility maximization PC formulates the problem of target SINR setting and PC as (Problem-II)
which aims at maximizing the utility while taking into account the transmit powers by means of a predefined weight ∈ (0, +∞) [37] , so as to both increase spectrum efficiency and reduce the sum power consumption over all transmitters sharing a specific PRB. The predefined weight is a design parameter that can tune the spectral versus power efficiency tradeoff: lower promotes higher spectral efficiency in exchange of higher transmit power. The constraints in Problem (15) formally ensure that the rate allocation does not exceed the link capacities that in turn depends on the transmit powers on the given PRB. As shown in [25] , Problem (15) can be decomposed into two separate problems (Problem-I and Problem-II) that need to be executed recursively until convergence to the optimum of Problem (15) . Specifically, Problem-I selects the transmit rate target, while Problem-II selects the transmit power that fulfills the desired transmit rate target, that is, the SINR target. As such, Problem-I and Problem-II resemble an outer-loop and an inner-loop mechanism, respectively, where the inner-loop power allocation ensures that the target rate s reduces to the optimal capacity vectors (c) at convergence of the outer/inner-loop routine.
Binary Power Control.
Binary power control (BPC) is known to maximize the capacity of a two-cell interference limited system and performs near optimally for larger systems [29] . Recently, it has been proven that when D2D communication underlying the cellular layer is supported, BPC remains utility optimal when the weight of the overall power consumption in the utility function is bounded [30] .
From a system design and operation perspective, BPC is easier to implement than iterative algorithms, since BPC does not require lengthy iterations and frequent channel state information updates and can achieve near utility optimal performance (Algorithm 4). In particular, when two transmitreceive pairs share the same resource, BPC is sum throughput optimal, similar to a two-cell interference limited system in which the PRBs are reused by neighbor cells.
Summary: Channel Gain Knowledge Needed by PC Algorithms.
In this section, we discussed three PC algorithms including the LTE OFPC scheme, an iterative utility maximization scheme, and the sum rate optimal BPC scheme. From the perspective of channel gain knowledge, these algorithms are summarized in Table 2 . BPC requires some crosschannel gain knowledge (similar to Matching), out of which , is typically available at the cellular serving BS, since all served UEs regularly report their current channel gain (path loss) for mobility management purposes. Acquiring of , would also be possible in practice since D2D-capable UEs can readily perform measurements on uplink signals. "In return," BPC achieves near-optimal sum rate performance without lengthy iterations.
Numerical Results
Cell and UE Placement.
To answer the question whether acquiring more CSI can be translated to performance gains, we experiment with the meaningful combinations of the RA and PC schemes discussed above. We consider a 7-cell system, in which cellular UEs and D2D pairs are dropped randomly in a series of Monte Carlo experiments as illustrated by Figure 6 . In this paper, we assume a truncated Gaussian distribution for the errors in the G matrix, where the finite support of the measurement error along with other relevant system parameters is summarized in Table 3 . 
Snapshot of the network UE D2D candidate 
Comparing the Resource Allocation and Power Control
Schemes. Figures 7 and 8 compare the performance of various combinations of RA and PC schemes. For the utility maximizing PC algorithm, we set = 1 in the utility function of (15) , because it represents a reasonable tradeoff between spectral and energy efficiency [32] . The performance gap between the different algorithms indicates that more channel gain (CSI) knowledge increases the performance. Specifically, combining the matching algorithm with BPC yields superior SINR performance for both the cellular and the D2D layer. Figures 9 and 10 compare the power consumption of various combinations of RA and PC schemes. The performance gap between the different algorithms indicates that more channel gain (CSI) knowledge increases the performance. Specifically, combining the matching algorithm with BPC yields superior power consumption performance for both the cellular and the D2D layer.
The impact of large scale fading measurement and estimation errors on the MS performance is shown by Figure 11 . The estimation errors may lead to selecting the cellular mode for a D2D pair, or to selecting the direct (that is D2D) mode, when it would be more beneficial to communicate in cellular mode. We can see that the mode selection error rate increases when the D2D distance increases.
To gain insight into the impact of large scale fading estimation errors, Table 4 shows the throughput degradation due to errors in matrix. We can observe that an asymmetric distribution of the errors cause more severe throughput degradation than a symmetric error distribution. Table 5 shows the relative throughput that can be achieved by employing RA and PC schemes that require more channel gain information than the baseline scheme represented by the BRA resource allocation scheme and the LTE openloop PC algorithm. This throughput comparison indicates the following: 
Binary Power Control: Transmission Probabilities.
Due to its superior performance and its simple on-off type of operation, BPC is a strong PC scheme candidate in cellular networks supporting D2D communications. Since BPC can switch off either a D2D transmitter or a cellular UE, evaluating the probability of the "on" state that is when a transmitter is allowed to transmit (and then with maximum power) becomes very important. Figures 12 and 13 compare the transmission probabilities for cellular UEs depending on the position of the cellular UE within the cell, when BPA is combined with the BRA and Matching RA schemes, respectively. In these figures, theaxis and -axis represent the position of the cellular UE, while the different shades represent the probability of transmission for a cellular UE at that specific position. Compared with BRA, the Matching algorithm extends the high probability region (the red area) within the cell. With Matching, a large portion of cellular UEs have a transmission probability ("on" state) higher than 0.8. However, with BRA, cellular UEs outside the cell center have a transmission probability lower than 0.5, which in practice would need to be managed by some suitable scheduling algorithm (outside the scope of this article). Figures 14 and 15 show the probability of transmission ("on" state) for D2D transmitters. Similar to the simulation results for the cellular UEs, the Matching algorithm extends the area of the high transmission probability region. These figures do not indicate strong relation between the D2D position within the cell and the transmission probability. The difference of transmission probability is mainly caused by the different D2D distance: a shorter D2D distance leads to stronger path gains, and thus a higher transmission probability is possible.
It is worth noting that, in terms of the required CSI knowledge, BPC needs the channel gain between the cellular UE and the D2D receiver on the same PRB within the same cell. To perform matching, the channel gains between each cellular UE and each D2D receiver within the same cell are required. Although Matching does not yield notable throughput and SINR gains over those achieved by BRA, the improved fairness is an important advantage of having more CSI knowledge and makes BPC feasible in practice (the investigation of fairness in D2D networks supporting elastic services [38, 39] is an important topic for future research).
Conclusions
In this paper, we considered a small set of viable (heuristics and optimization-based) RA and PC schemes for cellular network assisted D2D communications and compared their performance. This comparative study was motivated by the observation that in practice the required CSI information in terms of large scale channel gain knowledge is a very important but often overlooked design consideration.
Our numerical results indicate that acquiring more CSI, and in particular acquiring the channel gain of the crosschannels, can indeed help to improve the SINR performance of both the cellular and D2D layers. Specifically, our simulation results indicate that when large scale CSI about the useful as well as interfering channel gains are available at the cellular base station, the binary power control scheme combined with the near-optimal matching-based resource allocation scheme is superior in terms of SINR and throughput. We also found that the matching-based (low complexity) RA scheme is a very attractive companion of the throughput-optimal binary power control scheme, not only because they together maximize the throughput, but also because matching ensures a high transmission ("on") probability for both the cellular UEs and the D2D transmitters. Luckily, Matching and the BPC scheme require similar large scale CSI, and therefore they together offer an attractive RA and PC solution for cellular networks supporting unicast D2D communications.
Large Scale CSI in a D2D Communication Scenario
: Channel gain between the cellular UE and its serving BS , : Channel gain between the D2D transmitter and the serving BS in the cell : Channel gain between the D2D transmitter and the intended D2D receiver , : Channel gain between a D2D transmitter and a nonintended (victim) D2D receiver , : Channel gain between the cellular UE and the D2D receiver.
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